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Abstract

Background: Previous studies reported a slow neuromuscular response with the currently recommended dose of
cisatracurium in critically ill patients. Pharmacokinetic and pharmacodynamic studies of cisatracurium in critically ill
patients are still limited. To our knowledge, this is the first study performed to better understand the pharmacokinet-
ics (PKs) and pharmacodynamics (PDs) of a loading dose of cisatracurium and to identify factors that affect PK and PD
changes in critically ill patients.

Methods: A prospective PKs and PDs study was designed. Arterial blood samples of 10 critically ill patients with res-
piratory failure were collected after administering a loading dose of 0.2 mg/kg of cisatracurium. Plasma cisatracurium
and laudanosine concentrations were determined using liquid chromatography-tandem mass spectrometry. The
achievement of the desired pharmacodynamic response was evaluated by both 1) clinical assessment and 2) train-of-
four monitoring. The PK/PD indices were analyzed for their correlation with patient'characteristics and other factors.

Results: The one-compartment model best described the plasma pharmacokinetic parameters of cisatracurium.
The volume of distribution at steady state and total clearance were 0.11 & 0.04 L/kg and 2.74 &£ 0.87 ml/minute/

kg, respectively. The mean time to train-of-four 0/4 was 6 £ 3.86 minutes. A time to the desired pharmacodynamic
response of less than 5 minutes was found in 10% of the patients. A positive correlation was found between cisatra-
curium concentration and albumin levels and between pharmacokinetics data and patient factors [partial pressure of
carbon dioxide and respiratory alkalosis].

Conclusion: The currently recommended loading dose of cisatracurium might not lead to the desired pharmacody-
namic response in critically ill patients with respiratory failure.

Trial registration: ClinicalTrials.gov, NCT03337373. Registered on 9 November 2017
Keywords: Neuromuscular blockers, Pharmacokinetics, Critical care, Pharmacodynamics, Respiratory Failure

Background

Neuromuscular blocking agents (NMBAs) are indicated

for management in patients with respiratory failure to

improve patient-ventilator synchrony and to prevent

ventilator-induced lung injury. Cisatracurium, a stereoi-
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studies and favorable safety profiles [1-4]. Cisatracu-
rium was used in conjunction with mechanical ventila-
tion strategies to improve oxygenation and to reduce the
inflammatory response in respiratory failure patients
with acute respiratory distress syndrome (ARDS) [5, 6].

During critical illness, there are several factors, includ-
ing fluid balance and multisystem organ failure, that
can affect the pharmacokinetic (PK) and pharmacody-
namic (PD) properties of cisatracurium. For instance, an
increase in the volume of distribution resulted in inad-
equate tissue perfusion in septic shock patients [7]. The
Hofmann elimination process was enhanced, followed
by a decrease in the cisatracurium concentration at the
target organ in hyperthermia and respiratory/metabolic
alkalosis conditions [8, 9]. Therefore, inadequate cisatra-
curium concentrations in target organs may contribute
to a delay in respiratory management. Since there was an
inverse relationship between the potency and onset time
of NMBAs and cisatracurium has a neuromuscular effect
that is three times as potent as atracurium, an accurate
loading dose (LD) is required to obtain a rapid onset of
action [10].

For monitoring the efficacy of NMBAs in ICU patients,
the clinical practice guidelines for adult critically ill
patients recommend using train-of-four (TOF) com-
bined with clinical assessment to achieve clinical goals
and reduce the risk of an excessive blockade in patients
on a continuous infusion of NMBAs [11]. In addition,
to ensure diaphragmatic relaxation in ARDS patients,
a deep neuromuscular blockade (TOF 0/4) might be
required [12].

Several studies stated that cisatracurium dosing fol-
lowing clinical practice guideline recommendations was
inadequate in critically ill patients [13-15]. PK param-
eters of cisatracurium in severe sepsis patients showed
high interpatient variability. The volume of distribution
at steady state (Vd,,) and clearance (CL) were 0.111 +
0.07 L/kg and 0.31 % 0.11 L/h/kg, respectively. The time
to maximum block was 8.3 £ 2.9 min, which was slower
than that of noncritically ill patients. Consequently, the
author concluded that the standard dosing of cisatra-
curium might not have been adequate in severe sepsis
patients due to a slower time to neuromuscular block
[13]. However, PK and PD studies of cisatracurium in
critically ill patients are still limited.

Methods

The aim, design and setting of the study

This study aimed to understand the PK and PD outcomes
from a LD of cisatracurium in critically ill patients and
to find the correlation between PK/PD and other fac-
tors. The study was a prospective and open-label study
conducted in a medical ICU of an academic hospital in
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Thailand from December 2017 to May 2018. The pro-
tocol for the study was approved by the Committee on
Human Rights Related to Research Involving Human
Subjects, the Faculty of Medicine at Ramathibodi Hos-
pital, Mahidol University. Signed written informed con-
sent was obtained from patients or legal representatives
before study recruitment.

Participants

Intubated adult ICU patients over 18 years of age
who required paralysis with cisatracurium as part of
their clinical care were enrolled. The exclusion crite-
ria included patients with a history of hypersensitivity/
contraindication to any NMBA, patients with a history
of neuromuscular disease, pregnant or lactating female
patients, patients with an active burn injury or hypother-
mia defined as a tympanic body temperature lower than
36 °C, and patients receiving either an intravenous (IV)
bolus of cisatracurium within 24 hours or a continuous
IV infusion of cisatracurium within 48 hours before the
enrollment period of the study.

Dosing and sample collection

All patients received a 0.2 mg/kg of ideal body weight
dose of cisatracurium (Nimbex®) as an IV LD without
any repeated-dose or continuous infusion during the
blood sampling period. Arterial blood samples (2 ml)
were collected in an EDTA tube before and at 1, 5, 10, 12,
15, 20, 30, and 60 minutes following the administration of
cisatracurium. After that, the samples were centrifuged at
3,000 g for 10 minutes at 4 °C. The plasma was removed
and placed into a cryotube containing 25 pl of 2.0 mol/L
of sulfuric acid and then stored at —80 °C until the analy-
sis process began.

Analytical methods

Cisatracurium and laudanosine plasma concentrations
were determined by liquid chromatography with tandem
mass spectrometry (Thermo Scientific, DIONEX Ulti-
Mate 3000 HPLC system), which was adapted from a pre-
viously described study [13]. A Luna-C;5 (2.1 x 100 mm,
3 pm; Phenomenex, USA) with the same phase guard col-
umn (2.1 x 10 mm, 3 pm; Phenomenex, USA) was used
as an analytical column. The mobile phase comprised a
0.1% formic acid aqueous solution and a 20% aqueous
acetonitrile solution, and the flow rate was 0.2 ml/min.
The injection volume was 15 pL. The analytical method
was validated according to the Bioanalytical method vali-
dation — guidance for industry guidelines [15]. The stand-
ard curve was linear over the range of 10 to 10,000 ng/
ml with precision and accuracy less than 15%. The regres-
sion coefficients (R?) for cisatracurium and laudanosine
were 0.9955 and 0.9990, respectively.
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Pharmacokinetic analysis

Plasma concentration-time values for cisatracurium and
laudanosine were analyzed simultaneously using Phoenix
WinNonlin (version 8.0) software (Pharsight Corpora-
tion, Cary, North Carolina, USA). The data were explored
using non-compartmental, one- and two-compartmental
PK models. The principles for final model selection were
a low Akaike information criterion (AIC), visual evalua-
tion of individual cisatracurium plasma concentration-
time profiles, and the precision of parameter estimations
based on one sample t test or the correlation coefficient.
The following PK parameters were generated using com-
partmental analysis: the maximal drug concentration in
plasma (C_,,), CL, Vd, elimination half-life (t,), and
area under the concentration-time curve (AUC). For
non-steady-state data, an estimate of the Vd,, was based
on the last observed concentration. The elimination rate
constant (k,) was also calculated using standard PK
equations.

Pharmacodynamics study

Before the administration of cisatracurium, seda-
tives were titrated to achieve the objective of the Rich-
mond Agitation Sedation Scale -4 to -5. The desired PD
response was evaluated by 1) clinical assessment and
detection of ventilator synchrony judged by a physician
and 2) peripheral nerve stimulation with TOF (TOF-
Watch-S®, Organon Ltd., Ireland) monitoring. For clini-
cal assessments, pulmonologists or intensivists were
asked to identify patient-ventilator synchrony using
ventilator graphics analysis and respiratory rate observa-
tions. For TOF monitoring, after cleaning the skin, elec-
trocardiographic electrodes were placed to perform the
TOF test at either the adductor pollicis or orbicularis
oculi to measure twitch responses. The initial intensity of
the stimulating current was set at 20 mA. The TOF test
consists of four stimuli, each separated by 0.5 seconds.
Detections of patient-ventilator synchrony and TOF
monitoring were recorded before giving cisatracurium
and at the time of blood collection. The TOF test was also
performed every minute after administering cisatracu-
rium until a TOF of 0/4 was reached.

The achievement of the desired PD response in the
study was defined by both 1) physicians’ judgements for
ventilator synchrony and 2) the maximum neuromuscu-
lar block from a TOF of 0/4. The time to the desired PD
response after giving the LD was recorded. A post hoc
analysis was performed to classify the time to the desired
PD response into three groups: immediate, moderate,
and delayed, which corresponded to less than 5 minutes,
5 to 10 minutes, and more than 10 minutes, respectively.
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Data collection

Patient characteristics (age, sex, weight, and Acute
Physiology and Chronic Health Evaluation [APACHE]
II score) and laboratory data (electrolytes, liver function
tests, renal function tests, and serum albumin) on the
study day were recorded. Body temperatures and arterial
blood gas analysis (pH, partial pressure of carbon diox-
ide [pCO,], and partial pressure of oxygen [pO,] values)
were collected closest to the time before cisatracurium
administration. Fluid balance, calculated from differ-
ences between the total fluid intake and urine output,
was measured and recorded 24 hours before enrollment.
All of the collected data were evaluated as factors that
affected cisatracurium plasma concentrations.

Statistical analysis

Normally distributed data are presented as the mean and
standard deviation (mean + SD) and were compared
using Student’s ¢ test. Nonnormally distributed data are
reported as the median and interquartile range (IQR) and
were analyzed using a Mann—Whitney U test. Spearman’s
rho correlation coefficient and Pearson’s bivariate corre-
lation coefficient were tested to investigate the correla-
tion between the cisatracurium plasma concentrations
and pharmacodynamic data. All statistical data were ana-
lyzed using SPSS (version 18.0, Chicago, IL). Statistical
significance was set a priori at a p value (95% confidence
interval, CI) of less than 0.05.

Results

Patient population

Ten critically ill patients receiving a LD of cisatracu-
rium as an IV bolus were enrolled. Their mean + SD
age, weight, and height were 57 £ 18 years, 55.7 + 11.1
kg, and 164.8 + 8.1 cm, respectively. The mean £ SD
APACHE 1I score was 25 + 8, with the male sex being
predominant. Hypoalbuminemia was found in all of the
recruited patients and ranged from 1.46 to 2.47 g/dL
(mean + SD, 1.93 £ 0.30 g/dL). All of the patients had
sepsis, and half of them had septic shock. Only three
patients received vasopressor therapy (< 0.5 mcg/kg/
hour) during the study period. The indication for cisa-
tracurium in this study was mainly ARDS. The median
daily positive fluid balance one day before enrollment
was 1170.00 ml (IQR 6.25 to 1578.25). The demographic
data and clinical characteristics of the patients are shown
in Table 1. Laboratory data, body temperatures, and arte-
rial blood gas tests are shown as the mean £ SD repre-
sented for all patients and individually for each patient in
Table 2, Table S1 (additional file 1), and Table S2 (addi-
tional file 2), respectively.
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Table 2 Laboratory data, body temperature, and arterial blood
gas tests of the patients (N=10)

Variable Mean + SD
AST (U/L) 89.90 £ 61
ALT (U/D) 40.50 +43.8
TB (mg/dl) 384+29
DB (mg/dl) 295+24
GGT (U/L) 168 &+ 160.4
Ca (mEg/L) 7.85+0.59
Mg (mEg/L) 206 +£0.27
Body temperature (°C) 37.09 + 0.69
pH 7.39 4 0.06
pO, (MmHg) 106.35 & 78.24
pCO, (mmHg) 3336+7.17
HCO; (mEa/L) 16.98 £ 3.51

2 Data were collected closest to the time before cisatracurium administration

AST Alanine aminotransferase, ALT Aspartate aminotransferase, TB Total bilirubin,
DB Direct bilirubin, GGT Gamma-glutamyl transferase, Mg Serum magnesium, Ca
Serum calcium, HCO; Bicarbonate, SD Standard deviation

Pharmacokinetic analysis

A one-compartment PK model fit best to explain the
time course of total plasma cisatracurium concentra-
tion for the ten critically ill patients in the study. The
mean £ SD of the plasma cisatracurium and laudano-
sine concentrations (ng/ml) versus the time profile after
the IV bolus administration of 0.2 mg/kg of cisatracu-
rium are shown in Figure 1. The individual PK param-
eters estimated from the PK model are summarized in
Table 3. The mean concentration of laudanosine in the
plasma was 626.03 £ 236.24 ng/ml.
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Pharmacodynamics analysis

The PD response, evaluated by clinical assessment and
TOF monitoring, and the TOF site of each patient are
shown in Table 3. The mean time to a TOF of 0/4 was 6 +
3.86 minutes. Regarding the desired PD response, 1 of the
10 patients (10%) had a time to the desired PD response
of less than 5 minutes, and other patients (90%) had a
time to the desired PD response of more than 5 minutes.

Correlation of the patients’ baseline characteristics

and pharmacokinetic parameters

There was no correlation between the PD data and either
cisatracurium concentration or PK parameters of cisa-
tracurium. No significant correlation was found between
the PK parameters of cisatracurium and the patients’
characteristics or clinical laboratory data. The cisatra-
curium concentration at 1 and 30 minutes after giving
cisatracurium and the albumin level had a negative cor-
relation. The albumin level had a negative correlation
with k.. Considering patient factors, it was observed that
pCO, had a statistically significant negative correlation
with k, and a positive correlation with t;;,. In addition,
respiratory alkalosis had a statistically significant positive
correlation with k, as shown in Table 4.

Discussion

This study was undertaken to investigate the PK param-
eters and PD responses of cisatracurium in critically ill
patients. There were alterations in the cisatracurium PK
profiles, such as a decreased volume of distribution at
steady state and clearance and a comparable PD response,
such as a delayed time to adequate neuromuscular
response, in comparison with previous data [7]. Moreo-
ver, there were factors that affected the PK parameters,
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Fig. 1 Mean and standard deviation (error bar) of the total cisatracurium and laudanosine plasma concentrations 60 minutes after an intravenous
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Table 4 Correlations between the pharmacokinetic data and patient factors
Patient factor Cisatracurium plasma concentration PK parameters of cisatracurium
M1 M30 ke ti

Albumin level Correlation -0.745 -0.683 -0.646 0.527

p value (95%Cl) 0.013* (-0.935t0-0.218) 0.042* (-0.917 t0 -0.094) 0.044* (-0.906 to -0.028) 0.177 (-0.153 t0 0.868)
pCO, Correlation -0.498 -0.192 -0.699 0.778

p -value (95%Cl) 0.143 (-0.498 t0 0.191) 0.620 (-0.733 to 0.497) 0.024* (-0.922 t0 -0.124) 0.008* (0.291 to 0.944)
Respiratory alkalosis  Correlation 0485 0.053 0.636 -0.672

p -value (95%Cl) 0.155 (-0.152 to 0.890)

0.892 (-0.554 t0 0.830)

0.048* (0.044 t0 0.909) 0.033*(-0.931 t0 -0.188)

*statistically significant difference p value < 0.05

ke, elimination rate constant; M1, concentration of cisatracurium 1 minute after cisatracurium administration; M30, cisatracurium plasma concentration 30 minutes
after cisatracurium administration; t, ,, elimination half-life; pCO,, partial pressure of carbon dioxide

such as the albumin level, the pCO,, and respiratory alka-
losis, which have never been mentioned in any studies.
The best-fit model to explain the generated data from
our ten critically ill patients was a one-compartment
model with first-order pharmacokinetics. Judgment of
the appropriateness of a particular compartment model
in explaining the data was warranted based on the AIC,
one sample t test, correlation coefficient and visual
evaluation of the fitting curve. There was a statistically
significant difference in the mean AIC and concentra-
tion-time profile between the one-compartment and
the two-compartment models (134.02 vs. 139.5, p value
<0.001). Moreover, our data did not completely fit the
two-compartment model. Additionally, there was no sta-
tistically significant difference between the differences in
the measured concentration and predicted concentration
from the one-compartment and the two-compartment
models (range from -8.05 to 15.11, p value >0.05). Data
from the concentration-time profiles of three patients
(Nos. 7, 8, and 9) could not be analyzed using the two-
compartment model because fit model failures were

reported. Several studies showed that the two-com-
partment model with elimination from the central and
peripheral compartments accurately described the PK
parameters of cisatracurium in various populations [16,
17]. This links to the fact that Hofmann elimination is
the main pathway of degradation, and the drug is also
cleared by organ-dependent mechanisms [18]. There was
evidence of both the one- and two-compartment mod-
els described in critically ill patients [7, 13]. However,
the one-compartment PK model from this study might
be explained by the lower Vd, compared with previous
studies, as shown in Table 5; therefore, penetration to the
peripheral compartment might be rarely observed within
a short period of time.

This study confirmed the interindividual variability
of cisatracurium concentrations and PK parameters in
ICU patients. Cisatracurium plasma concentrations in
our studied patients were higher than the concentra-
tions, which appeared in other studies due to a maxi-
mum recommended LD of 0.2 mg/kg [7, 13]. The t,;, in
our study was consistent with what has been reported

Table 5 Comparison of doses, patient characteristics, and pharmacokinetic parameters of cisatracurium in critically ill patients

between studies

Our study

Liuetal.”

Boyd et al.”

Cisatracurium dose
Characteristics of the patients

Severity score: APACHE Il (mean
+SD)

Model

PK parameters
-Vd,,
-CL

0.2 mg/kg

Critically ill patients with respiratory
failure or ARDS (n=10)

2548

1-compartment model

-0.11 £ 0.04 L/kg

-2.74 £0.87 ml/min/kg (0.16 £
0.05 L/h/kg)

0.1 mg/kg
Critically ill patients with severe

sepsis (=8)
119437

1-compartment model

-0.111 £ 007 L/kg

-5.23 £ 1.8ml/min/kg (0.31 £0.11

L/h/kg)

0.1 mg/kg of an IV bolus (if necessary)
and an infusion of 0.18 mg/kg/h

Critically ill patients receiving
mechanical ventilation (h=6)

15+£67

2-compartment model with elimina-
tion from the central compartment

-032£0.15/kg

-7.9 4 2.7 ml/min/kg (0.31 £ 0.11
L/h/kg)

APACHE Acute Physiology and Chronic Health Evaluation, ARDS Acute respiratory distress syndrome, CL Clearance, Vd,; Volume of distribution at steady state
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for other populations, which might result from a slight
change in pH (7.39 £ 0.06) and controlled body tem-
peratures in the enrollment process (37.09 £ 0.69 °C).
Insignificant changes in pH and temperature resulted
in a fixed k,, so the CL of cisatracurium is dependent
on the Vd [18]. The results showed that the Vd  was
lower than the Vd,, from previous studies, as presented
in Table 5. This finding might be described by differ-
ences in patient characteristics between studies. There
were different numbers of ARDS patients: none, one
patient and eight patients (0, 17%, 80%) in the studies
by Liu et al., Boyd et al., and our study, respectively.
Conservative fluid management strategies were encour-
aged as the best practice in ARDS patients because
large-volume fluid can worsen alveolar flooding and
decrease gas exchange [19]. Thus, a smaller Vd  due
to a lower volume of fluid resuscitation in the studied
patients might occur.

There was a delay in the time to achieve the desired PD
response after administering 0.2 mg/kg of cisatracurium.
By TOF monitoring and the same given dose, the average
time to a TOF of 0/4 in the patients was more prolonged
(6% 3.86 minutes) than that of the healthy volunteers (2.7
to 3.2 minutes) [20, 21]. Similar to Liu et al., the aver-
age time to maximum block, defined by a percentage of
the height of T1 and the T4:T1 ratio, was also prolonged
(8.3 £ 2.9 minutes) in eight severe sepsis patients receiv-
ing a lower recommended dose (0.1 mg/kg). The desired
PD response, assessed by the detection of ventilator syn-
chrony and a TOF of 0/4, occurred in less than 5 minutes
in only 10% (1/10 patients) of the studied patients. These
findings supported that the LD of cisatracurium (0.2 mg/
kg) from the current recommended guideline might be
inadequate to achieve a rapid time to the desired neuro-
muscular response in critically ill patients with respira-
tory failure.

The explanation for the delayed PD response was res-
piratory alkalosis, which was concordant with the study
of Platt et al [8]. There was a correlation between the
pCO, and k,, the pCO, and t;;, but not between the pH
and t;,. These might result from an insignificant change
in pH from baseline in our study (from a baseline pH
of 7.39% 0.06 to a pH of 7.34 £ 0.1), in contrast with a
major change in pH in the Platt et al study (from a base-
line pH of 7.35 +0.05 to a pH of 7.5 £ 0.04). The pCO,
was reported to reflect the intracellular site of action of
pH changes [22]. Since the rate of Hofmann elimination
was increased by base molecules [23], respiratory alkalo-
sis might be a factor that caused higher elimination at the
target organ (diaphragm). For other reasons, decreasing
pCO, may produce a lower affinity of NMBAs to acetyl-
choline receptors. Furthermore, muscle relaxation might
be reduced [24].
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Apart from this, all of the patients had hypoalbumine-
mia (albumin level of 1.93 £+ 0.30 g/dL). A correlation
between the patients’ albumin levels and either the cisa-
tracurium concentration or k, was found in the study.
Due to a reduction in the patients’ albumin levels, an
increase in free drug concentrations could consequently
be found [25]. Therefore, we found a higher cisatracu-
rium level and k, in hypoalbuminemia patients. Moreo-
ver, the enhanced elimination rate of free cisatracurium
can cause an increase in laudanosine, a toxic metabolite
that is produced. However, the data showed a higher
mean C_, of laudanosine (626.03 £ 236.24 ng/ml after
an IV bolus of 0.2 mg/kg of cisatracurium) compared to
noncritically ill patients [16, 17, 26]. Additionally, the
C.ax Of laudanosine in the findings was lower than the
data from Boyd et al., who used a continuous infusion
regimen for a total maximum dose of 612 mg per course
of treatment (a mean of 210-1300 ng/ml). Recent stud-
ies in ARDS patients used an initial bolus dose close to
0.2 mg/kg or more without reported neurotoxic effects
associated with higher laudanosine concentrations. Con-
sequently, 0.2 mg/kg of cisatracurium has proven to be
harmless for ICU patients.

This is the first PK and PD study of cisatracurium in
ICU patients with respiratory failure and a high severity
of illness. It is also the first study to report the desired PD
response of cisatracurium by evaluating both 1) clinical
assessments and physicians’ judgements for ventilator
synchrony and 2) TOF monitoring. This study also pro-
vides further evidence that pCO, is one of the essential
factors that affects the elimination process of cisatracu-
rium. For these reasons, a generalization of the increased
LD, together with a proper neuromuscular response
assessment for patient-ventilator asynchronies in real-
world practice, could be applied in critically ill patients
with respiratory failure.

However, there were some limitations to the study.
First, the patients in this study were predominantly
ARDS patients with low body weight. Other indications
for NMBA therapy, including intra-abdominal hyperten-
sion in abdominal compartment syndrome, controlling
muscle tone in tetanus, or targeted temperature manage-
ment, could be limited for application. Second, since the
clinical assessment was only recorded at a discrete time
point of blood sample collection, the exact time for the
neuromuscular block could not be measured. Therefore,
further research could continue to explore the appropri-
ate time to adequate neuromuscular block by continu-
ous monitoring of patient-ventilator synchrony. Third,
although ventilator graphics observations helped to rec-
ognize patient-ventilator synchrony, the expertise of the
physicians was one of the major confounders in the inter-
pretations [27]. The proper detection of patient-ventilator
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synchrony should be standardized, and the need for
other techniques, such as esophageal pressure, to facili-
tate recognition of these events should be applied. In
addition, the differences between TOF monitoring sites
in our study, including titrating the amplitude of periph-
eral nerve stimulation to achieve a target TOF, might
have resulted in discrepancies in PD outcomes. The same
TOF monitoring site is suggested in future research.
Fourth, since this study emphasizes the assessment of
the efficacy of a cisatracurium LD, data regarding adverse
events from cisatracurium, such as bradycardia and
hypotension, which have been reported to be less than
1% [4], were not collected in the study. Other adverse
events from either ventilator complications or medica-
tion should be recorded in the future. Last, no correlation
was found between the PD response and either the cisa-
tracurium concentrations or PK parameters of cisatracu-
rium. These findings may be explained by 1) the primary
objective set to find the direct PK/PD relationship and
2) the small sample size. First, the methodology in our
study was initially designed to evaluate the direct PK/PD
relationship. Since cisatracurium PK was described by
a two-compartment model [13], the indirect link model
should be considered [28]. Second, the limitation of a
small amount of data might be another explanation for
why the covariates were not found. Correlations would
be clearly evident if the sample size and patient param-
eters are increased and variations in parameters are
decreased. To find the correlations between the PK/PD
and other factors, a larger number of patient parameters
would be required to lessen variations in the parameters.
Therefore, to find the appropriate dose of cisatracurium
for critically ill patients, PK/PD modeling should be eval-
uated in future studies.

Conclusions

A one-compartment PK model fit the concentration data
best in critically ill Thai patients. In this paper, the PK
parameters of cisatracurium displayed a decreased vol-
ume of distribution with reduced clearance compared
with a previous study [7]. Additionally, a small percent-
age of patients rapidly achieved the desired PD response
(monitored by clinical assessment and a TOF of 0/4).
Therefore, a LD of 0.2 mg/kg of cisatracurium in critically
ill respiratory failure patients might result in unsatisfac-
tory delayed patient-ventilator synchrony, which could
lead to an increase in physical distress in these patients.

Abbreviations

NMBA: Neuromuscular blocking agent; ICU: Intensive care unit; ARDS: Acute
respiratory distress syndrome; PK: Pharmacokinetic; PD: Pharmacodynamic;
LD: Loading dose; TOF: Train-of-four; V,: Volume of distribution at steady
state; CL: Clearance; IV: Intravenous; AIC: Akaike information criterion; t; ,:
Elimination half-life; AUC: Area under the concentration-time curve; K

Page 9 of 10

Elimination rate constant; APACHE: Acute Physiology and Chronic Health
Evaluation; pCO,: Partial pressure of carbon dioxide; pO.: Partial pressure of
oxygen; SD: Standard deviation; IQR: Interquartile range.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512871-022-01571-2.

Additional file 1: Table S1. Laboratory data of patients (N=10).

Additional file 2: Table S2. Amplitude of the PNS data, body tempera-
ture, arterial blood gas test, type of sedation of the patients (N=10).

Additional file 3: Table S3. Total plasma concentrations of cisatracurium
in 10 critically ill patients (ng/ml).

Additional file 4: Table S4. Total plasma concentrations of laudanosine in
10 critically ill patients (ng/ml).

Additional file 5: Table S5 and S6. Correlation of patient characteristics
and pharmacokinetic parameters.

Acknowledgments

The authors would like to thank the Faculty of Medicine, Ramathibodi
Hospital, Mahidol University, for their approval to conduct and support this
study. We are grateful to Tospon Lertwattanachai, Suthinee Taesotikul, Auranee
Trisataya, Jetiamnong Sueajai, Arnatchai Maiuthed, Thomas MC Manamon,
Krittinan Chawannakul and all of the staff at the Medical Intensive Care Unit

at the Faculty of Medicine, Ramathibodi Hospital, Mahidol University, for their
assistance in completing the study.

Authors’ contributions

All authors contributed to the study conception and design. Methodology,
Investigation, Data curation, Formal analysis, Investigation, Writing- origi-

nal draft preparation: Panadda Panusitthikorn; Supervision: Chuthamanee
Suthisisang; Methodology, Investigation: Viratch Tangsujaritvijit; Methodology,
Writing - review and editing: Wichit Nosoongnoen; Methodology, Validation,
Conceptualization, Writing - review and editing: Pitchaya Dilokpattanamong-
kol. All authors read and approved the final version of the manuscript.

Funding
This study was funded by the Faculty of Medicine at Ramathibodi Hospital,
Mahidol University.

Availability of data and materials
The datasets used and analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

The research was performed in accordance with the Declaration of Helsinki
and approved by the Committee on Human Rights Related to Research
Involving Human Subjects at the Faculty of Medicine at Ramathibodi Hospital,
Mahidol University (MURA2017/388). Informed consent was obtained from
each subject’s legally acceptable representative before enroliment.

Consent for publication
The authors received consent from their institutions.

Competing interests
The author(s) declare that they have no competing interests.

Author details

‘Departmem of Pharmacy, Faculty of Pharmacy, Mahidol University, 447
Sri-Ayutthaya Road, Ratchathewi, Bangkok 10400, Thailand. 2Acute care unit,
Department of Pharmacy, Faculty of Medicine, Siriraj Hospital, Mahidol Uni-
versity, 2 Wanglang Road Bangkoknoi, Bangkok 10700, Thailand. *Department
of Pharmacology, Faculty of Pharmacy, Mahidol University, 447 Sri-Ayutthaya
Road, Ratchathewi, Bangkok 10400, Thailand. “Department of Critical Care


https://doi.org/10.1186/s12871-022-01571-2
https://doi.org/10.1186/s12871-022-01571-2

Panusitthikorn et al. BMC Anesthesiology (2022) 22:32

Medicine, Faculty of Medicine Ramathibodi Hospital, Mahidol University, 270
Rama VI Road, Ratchathewi, Bangkok 10400, Thailand. >Piyavate Hospital, 998
Rim Klong Samsen Road, Huai Khwang, Bangkok 10310, Thailand.

Received: 11 July 2021 Accepted: 23 December 2021
Published online: 22 January 2022

References

1. Forel JM, Roch A, MarinV, Michelet P, Demory D, Blache JL, et al. Neuro-
muscular blocking agents decrease inflammatory response in patients
presenting with acute respiratory distress syndrome. Crit Care Med.
2006;34(11):2749-57.

2. Kisor DF, Schmith VD. Clinical pharmacokinetics of cisatracurium besilate.
Clin Pharmacokinet. 1999;36(1):27-40.

3. Papazian L, Forel JM, Gacouin A, Penot-Ragon C, Perrin G, Loundou A,
et al. Neuromuscular blockers in early acute respiratory distress syn-
drome. N Engl J Med. 2010;363(12):1107-16.

4. Lien CA, Belmont MR, Abalos A, Eppich L, Quessy S, Abou-Donia MM,
et al. The cardiovascular effects and histamine-releasing properties of
51W89 in patients receiving nitrous oxide/opioid/barbiturate anesthesia.
Anesthesiology. 1995;82(5):1131-8.

5. Gainnier M, Roch A, Forel JM, Thirion X, Arnal JM, Donati S, et al. Effect of
neuromuscular blocking agents on gas exchange in patients presenting

with acute respiratory distress syndrome. Crit Care Med. 2004,32(1):113-9.

6. Alhazzani W, Alshahrani M, Jaeschke R, Forel JM, Papazian L, Sevransky J,
et al. Neuromuscular blocking agents in acute respiratory distress syn-
drome: a systematic review and meta-analysis of randomized controlled
trials. Crit Care. 2013;17(2):R43.

7. Boyd AH, Eastwood NB, Parker CJ, Hunter JM. Comparison of the phar-
macodynamics and pharmacokinetics of an infusion of cis-atracurium
(51W89) or atracurium in critically ill patients undergoing mechanical
ventilation in an intensive therapy unit. Br J Anaesth. 1996,76(3):382--8.

8. Platt M, Hayward A, Cooper A, Hirsch N. Effect of arterial carbon
dioxide tension on the duration of action of atracurium. Br J Anaesth.
1991,66(1):45-7.

9. LimJ,Cox J,NguyenT, Arya R. Cisatracurium dosing in a patient with
hyperthermia. Am J Health Syst Pharm. 2019;76(14):1029-32.

10. Kim YB, Sung TY, Yang HS. Factors that affect the onset of action of
non-depolarizing neuromuscular blocking agents. Korean J Anesthesiol.
2017,70(5):500-10.

11. Murray MJ, DeBlock H, Erstad B, Gray A, Jacobi J, Jordan C, et al. Clinical
Practice Guidelines for Sustained Neuromuscular Blockade in the Adult
Critically Il Patient. Crit Care Med. 2016;44(11):2079-103.

12. Hraiech S, Forel JM, Guervilly C, Rambaud R, Lehingue S, Adda M, et al.
How to reduce cisatracurium consumption in ARDS patients: the TOF-
ARDS study. Ann Intensive Care. 2017;7(1):79.

13. Liu X, Kruger PS, Weiss M, Roberts MS. The pharmacokinetics and phar-
macodynamics of cisatracurium in critically ill patients with severe sepsis.
Br J Clin Pharmacol. 2012;73(5):741-9.

14. Bouju P, Tadie JM, Barbarot N, Letheulle J, Uhel F, Fillatre P, et al. Clinical
assessment and train-of-four measurements in critically ill patients
treated with recommended doses of cisatracurium or atracurium for
neuromuscular blockade: a prospective descriptive study. Ann Intensive
Care. 2017;7(1):10.

15. Dieye E, Minville V, Asehnoune K, Conil C, Georges B, Cougot P, et al.
Pharmacodynamics of cisatracurium in the intensive care unit: an obser-
vational study. Ann Intensive Care. 2014;4(1):3.

16. De Wolf AM, Freeman JA, Scott VL, Tullock W, Smith DA, Kisor DF, et al.
Pharmacokinetics and pharmacodynamics of cisatracurium in patients
with end-stage liver disease undergoing liver transplantation. Br J
Anaesth. 1996;76(5):624-8.

17. Eastwood NB, Boyd AH, Parker CJ, Hunter JM. Pharmacokinetics of 1R-cis
1'R-cis atracurium besylate (51W89) and plasma laudanosine concentra-
tions in health and chronic renal failure. Br J Anaesth. 1995;75(4):431-5.

18. Kisor DF, Schmith VD, Wargin WA, Lien CA, Ornstein E, Cook DR. Impor-
tance of the organ-independent elimination of cisatracurium. Anesth
Analg. 1996,83(5):1065-71.

19. National Heart L. Blood Institute Acute Respiratory Distress Syndrome
Clinical Trials N, Wiedemann HP, Wheeler AP, Bernard GR, Thompson BT

Page 10 of 10

et al. Comparison of two fluid-management strategies in acute lung
injury. N Engl J Med. 2006;354(24):2564-75.

20. Belmont MR, Lien CA, Quessy S, Abou-Donia MM, Abalos A, Eppich L,
et al. The clinical neuromuscular pharmacology of 51W89 in patients
receiving nitrous oxide/opioid/barbiturate anesthesia. Anesthesiology.
1995;82(5):1139-45.

21. Lepage J-Y, Malinovsky J-M, Malinge M, Lechevalier T, Dupuch C, Cozian
A, et al. Pharmacodynamic dose-response and safety study of cisatracu-
rium (51W89) in adult surgical patients during N2 O-O2-opioid anesthe-
sia. Anesth Analg. 1996,83(4):823-9.

22. Ono K, Nagano O, Ohta Y, Kosaka F. Neuromuscular effects of respiratory
and metabolic acid-base changes in vitro with and without nondepolar-
izing muscle relaxants. Anesthesiology. 1990;73(4):710-6.

23. Welch RM, Brown A, Ravitch J, Dahl R. The in vitro degradation of cisatra-
curium, the R, cis-R-isomer of atracurium, in human and rat plasma. Clin
Pharmacol Ther. 1995;58(2):132-42.

24. LingyaT, Lianhua C, Haoling M, Yachun Z, Shitong L. Effects of arterial
carbon dioxide on recovery from rocuronium-induced neuromuscular
blockade in anesthetized patients. Asian Biomedicine. 2013;7(1):73-9.

25. TJollyn H, Vermeulen A, Van Bocxlaer J, Colin P. A Physiologically
Based Pharmacokinetic Perspective on the Clinical Utility of Albumin-
Based Dose Adjustments in Critically Ill Patients. Clin Pharmacokinet.
2018;57(1):59-69.

26. Lien CA, Schmith VD, Belmont MR, Abalos A, Kisor DF, Savarese JJ. Phar-
macokinetics of cisatracurium in patients receiving nitrous oxide/opioid/
barbiturate anesthesia. Anesthesiology. 1996,84(2):300-8.

27. Colombo D, Cammarota G, Alemani M, Carenzo L, Barra FL, Vaschetto R,
et al. Efficacy of ventilator waveforms observation in detecting patient-
ventilator asynchrony. Crit Care Med. 2011,39(11):2452-7.

28. Derendorf H, Meibohm B. Modeling of pharmacokinetic/pharmaco-
dynamic (PK/PD) relationships: concepts and perspectives. Pharm Res.
1999;16(2):176-85.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Pharmacokinetics and pharmacodynamics studies of a loading dose of cisatracurium in critically ill patients with respiratory failure
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 
	Trial registration: 

	Background
	Methods
	The aim, design and setting of the study
	Participants
	Dosing and sample collection
	Analytical methods
	Pharmacokinetic analysis
	Pharmacodynamics study
	Data collection
	Statistical analysis

	Results
	Patient population
	Pharmacokinetic analysis
	Pharmacodynamics analysis
	Correlation of the patients’ baseline characteristics and pharmacokinetic parameters

	Discussion
	Conclusions
	Acknowledgments
	References


